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We have deveioped a novel "real time" quantirative PCR method. The method measures PCR prodti* 
accumulation through a duaMatefed fiuorogenic probe (i.e., TaqHas Prche). This meitod provides very 
accurate and reproducible quantitation of gene copies, Unlike other cuamhative PCR method*., real-dme PCR 
does not require post-PCR sample handlta* preventing potential PCR product carryover w«tamteatb}> and 
reciting In much tester and higher throughput assays. The reaf-tjrae PCR merited has a vsrv large dynamte 
rang* of parting target- molecule determination {at least five orders of magnitude). Real-time quantitative 
Pt..R h extremely accurate and less iabeNmeiisJvethan current Quantitative FCR methods. 



Quantitative nucleic acid sequence analysis has 
had an important role in many fields af biologi- 
cal research. Measurement of gene expression 
CRN A;- has been used extensively in monitoring 

> * I ^ AO S, > ™ M -« ' ,d \J.!« .t >i 

1995.!. Quantitative gene analysis (DNA) has 
been used .to determine the genome quantity of a 
particular gene, as in the case of the human HER2 
gene, which Is amplified in --30% ol breast tu- 
mors iSiamon et ah 1987). Gene and genome 
quantitation (DNA and RN At also have been used. 
;or analysis or Human immunodeftciencv virus 
(HIV) burden demonstrating: changes In the lev- 
e v ot v s ^ ^ oi fc m o 4 ; i. dn ^ eot • I aves o 4 t>< ^ 
disease (Connor et al. 1993: Piatak et al, J 993b; 
Purtado et ah 1995)'. 

Many methods have been described for the 
quantitative analysis of naoietc acid -sequences 
(both (or RN.A and DNA; Southern 1975; Sharp et 
ah 1980; Thomas 1980). Recently, PGR has 
proven to be a powerful too? for auannrative 
nucleic acid analysis, PCR and reverse transcrip- 
tase Cin>-PCR have permitted the analysis of 
minimal starting quantities of nucleic add (as 
little as one ceil equivalent), This lias made pos- 
sible many experiments that coo Id not have been 
<«. <on u ^iC' hi>< i i -ett i \+] , Ul jh 



that it be used properly tor quantitation iRaey- 
imUh WQm Mm> e«rh rc'i,<s\ - ■ quannta 
'live PCR and RT--PCR described quantitation of 
the PCR product hot did not measure the initial 
target sequence quantity. It is essential to design 
proper controls for the quantitation of the initial 
target sequences i'Ferre 1992: Clement* et al 
1993). 

Researchers have developed several methods 
of quantitative PCR and RY-PCFC One approach 
measures PCS product quantity in the log phase 
pi t v t -e.sd'Mn tH'Som t 5 < ^ t huen- ,> .1 oCg v u 
199(i: Pang et al. 1990). This method requires 
that each sample has equal Input amounts ol 
■nucleic acid and that each sample under analysis 
amplifies with identical efficiency up to the point 
pt quannt,. re u\ ^vts v u < vev\o ^ r 
rained In ail samples at relatively cons-ant quan- 
tilns, Ju <h a- M d .an I. . v.o o- v>'^< t -. 
amplification efficiency -normalization. Using 
conventional methods of PCH detection and 
quantitation (gel electrophoresis or plate capture 
v 'vbnds .n^nj, -tr extmimn- \p>> * »i *o«^»re 
iha ail samples are anahvcd do nog the iog phase 
o? the reaction .(for both the target gene and the 
notONioation ge< \r f -net \5 oupKo 
tn m o" neuter v vi/ h f v >< kr.e oned 
and is used widely for PCR quantitation. QC--PCR 
relies on the inclusion of an internal control 
competitor in each reaction (Becker- And re 1991; 
Piatak et al, f 993a,by The efficiency of each re- 
action is normalized to she internal competitor. 
A known amount of internal competitor can he 
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added k? each sample.- To obtain relative quani- 
tmon, the unknown target PCS product ;s cam- 
pared with the known competitor PCR -product. 
Success of a quantitative competitive FOR assay 

'< ^ >■ e t i s o v i i. is h >fa no 
ecule. The design of the competitor and the vali- 
dation of amplification efficiencies' require a 
A< s<t>\ si< 1; ^sv,' trvHiSt. Q{ ~l\ R d> >£s 
not tequire thai. PCR products be -analyzed during 
•he log phase of she amplification, it is the easier 

Severai detection systems are used for quan- 
titative PCR ar;d RT--PCE analysis; (}) agarose 
gels, (2s fluorescent labeling of VCR products and 
> s?t»xt m ^ t i ... s ; -) < silts yspig 
cap.tl.iaty electrophoresis ; Fasco et al. 199$; Wil- 
liams et si. 1996} or acrylamide gels, and (3) plate 
capture and sandwich probe hybridization 'Mul- 
der et id. 1994). Although these methods proved 
successful, each method requires post-PCH nta- 
.nipniattons that add time to the analysis and 
may lead to laboratory contamination. The 
sample throughput: of these methods is limited 
(with the exception of the plate capture ap- 

well suited tor uses demanding high, sample 
throughput (he,, screening of large numbers of 
v > <><)< k ! o i p m nn > < ior gn ^s 

Here we report the development of a novel 
assay for quantitative DNA analysis. The assay is 
based on the use of the ;V nuclease assay hrsi 
described by Holland et ah (19«'i). The method 
uses the 5' nuclease activity of Taq polymerase to 
cleave a nonestendlhle hybridisation probe dur- 
ing the extension pbase ol PCR. Trie approach 

- ; ^Pxs y ee ut '^s Sissf- e* C l^ai 
et al. 199$a,b). One fluorescent dye serves as s 
s> > s ! V t. '> ^ win' resa ! >nd *s 
emission spectr a is quenched by the second fluo- 
rescent dye.. TAMM Cc,, 6<vtaxy.t<tnmcthy]* 
rhodamlne). The nuclease degradation of the hy- 
brid) nation probe- releases -the -quenching of the 
FAM. fluorescent emission, resulting In an In- 
crease in peak fluorescent -emission at 518 nm. 
The use of a. sequence detector (ABI Prism) allows 

N< is 1 SSS r ilti 1 vJ\i V j ' ,)> ' >t 

PCR amplification. Therefore, the reactions are 
monitored in real time. The output data is de- 
scribed arid quantitative analysis of input target 
DNA sequences is discussed below. 



RESULTS 

PCR Product Detection in Real Time 

The goal was to develop a high-throughput, .sen- 
sitive, and accurate gene quantitation assay .rot 
use in monitoring iipid-mediated therapeutic 
gene delivery. A plasm id-encoding human factor 
V»l *eft( *. pR i <. oi^M < \ Hh ,Us s\v 
used as a model therapeutic- gene. The assay uses 
fluorescent Taqman methodology and an instru- 
uu >v t spa'Me v,* u\ m r rc *k< > , - < v N 
time (Alii Prism 7700 Sequence Detector). The 
1'aq.man reaction requires a hybridisation probe 
labeled with two different .ftu.ores.cent dyes. One 
dye is a reporter dye (FAM), the other is a quench- 
msdv^ hMRM v\ uen :h< >.*oi\ s rmo 
reseent energy transfer occurs and the reporter 
dye fluorescent enusslon is absorbed by the 
quenching dye fi'AMSA). During the extension 
phv.se >- hie 1 >T{ ne t » ^ so- tu % x K ~ 

,/ mors pr->he s s.easvc. bv tne <■ r.u> :-\ <h-r v. 
activity of the DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer- 
transferred efficiently to the quenching dye, re- 
sulting In an increase of the reporter dye fluores- 
cent emission spectra, POlt primers and probes 
were designed for the human factor Vill se- 
quence and human jhactin gene (as described in 
Methods), Optimization reactions were per- 
formed to choose the appropriate probe and 
magnesium concentrations yielding the highest 
intensity of reporter fluorescent signal, without 
sacrificing specificity-. The instrument uses a 
charge-coupled device (i.e., CCD camera) for 
measuring the fluorescent: emission spectra from 
500 to 650 run Bach PCR tube was monitored 
sequentially for 2S msec with continuous moni- 
toring throughout the amplification. Each tube 
was re-examined every 8.5 sec. Computer soft- 
ware was. designed. to examine the fluorescent in - 
tensity of both the reporter dve (FAM) and 

K .i.'!UO, Jvc M » »t < ' s^ < 

intensity of the .quenching dye, TaMKA, changes 
very little over the course of the PCR -amplifi- 
cation (data -not shown). Therefore, the intensity 
of TAMK.A dye emission serves as an internal 
standard with which to normalize the reporter 
dye Cf-'AM) emission variations. The software cal- 
culates a value termed &Rn (or ARQ) using the 
following equation; (Kn*) ~- (Rn. *" ), where 

Rn> ~ emission Intensity of reporter/emission in- 
tensity of quencher at: -any givers time in a reac- 
tion tube, and Ru -emission intensitny of re- 
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porter/emission intensity oi quencher measured 
prior 10 PCS amplification in that same reaction' 
tube, For. the purpose of qtsan-tsta-don, the last 
•three data points (Mm) collected during the ex- 
tension step for each PGR cycle were analyzed. 
The nucleolyuc degradation of the hybridation 
probe -occurs during the extension phase of PCtt, 
and, therefore ; reporter fluorescent emission in- 
creases during this time. The three data points 
were averaged for. each PGR cycle and the mean 
value for east* was plotted in an "amplification, 
plot" shown in figure t/V The Mn meso value is 
plotted on the y-axis, and these, represented by 
cycle number, is plotted on the ot-axls. During the 
early cycles of the PGR amplication, the ARn 



value remains at base line.. When -sufficient hy- 
bridization probe has been cleaved by the Taq 
polymerase nuclease activity-, the intensity of re - 
porter fluorescent enhs.Mr.rn increases. Most PGR 
amplifications reach a plateau -phase of reporter 
fluorescent emission if the reaction Is carried out 
to high cycle numbers. The amplification plot is 
examined early in the reaction, at a point that 
represents the log phase of product accumula- 
tion. This, is done by assigning an arbstraty 
tb->sh ) d fir »n ie^« cm t' s. s v , / t\ , » m> 
base-line data. In Figure IA, the threshold was set 
at 10 standard deviations above the mesa of 
base-line emission calculated- from cycles 1 to I S. 
Once the threshold is chosen, the point at which 
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«P*r* 1 PGR product detection in real time. (A) The Model 7700 software will construct amplification plots 
iron- the extension phase fluorescent emission data collected during the PGR amplification. The standard de- 
viation Is determined from tne data points collected from -the base line of the amplification plot. C r values are 
calculated by determining the point at which the fluorescence exceeds a threshold limit (usually 10 times the 
standard deviation of the base line.!. (S) Overlay ol amplification plots of serially {1-2) diluted human oenomsc 
DNA samples amplified with [S-attsn primers, {€}. input DMA concentration of the samples plotted versus C f , All 
points represent the mean of triplicate I'Ctl amplifications, and error bars are shown (but not always visible) 
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the amphh, atem nlot v - >^es dte threshold de- 
fined -as Or- Cr is reported as the cycle number at 

is ptedietive. of the quantify of input target. 

C T Values Provide a Quantitative Measurement of 

Input larger Sequences 

Figure 1 8 shows amplification plots of J S differ- 
v *• 'A P 3oeC\ ,n >•!< ^^'-tJi-: llv, scnpnua 
tioos w« performed on a 1-2 serial dilution of 
huxram genomk DNA. The amplified target was 
hxnnan is-setin. The amplification plots shir; to 
the right no higher threshold cycles .5 as the input 
target quantity Is reduced. This ts expected be- 

target molecule require greater amplification to 
degrade enough probe, to attain the threshold 
Oooxeseence; An arbitrary threshold of 10 stan- 
dard deviations above the has? Sine was used to 
determine trie C,- values. Figure 1C represents the 
C-- values plotted versus the sample dilution 
value. Raeh clilx;tion was amplified in triplicate 
PCR amplifications and plotted as mean values 
with error oars representing one standard devia- 
tion. The C; values decrease linearly with increas- 
ing target quantity. Thus, G T values can. he used 
.o a quoom; sox e measusew"-); of fV mpj- nrgxi 

-non plot tor the I>76-ng sample, shown in Figure 
IB does not reflect the same fluorescent rare of 
increase inhibited by most of the other samples. 
The 15-.6*ng sample also achieves endpoin-t pla- 

espected based on the input DNA, This phenom- 
enon has been observed occasionally with other 
samples (data not shown? and may be attribut- 
able to late cycle inhibition; this hypothesis is 

that the flattened slope and early plateau do not 
impact significantly the calculated C v value as 
demonstrated by the fit on the line shown in 
Figure iC All triplicate amplifications resulted in 
very similar C T vakses~~the standard deviation 
'k1 » V v, ( is o ^ .1 e*pcn 
mem contains a >100,00b-foid range <d input tar- 
get molecules. Using values fox quantitation 
permits a much larger assay range than directly 
using total fluorescent -emission intensity ten 
quantitation. 'The tinea; range of fluorescent in- 
tensify xneavutement of the ABf Prism 7700 Se- 
quence Defector only spans three logs, resulting 
in only a lOOO-foiu dynamic range of input mol- 
ecules. Thus, d- values provide acexnatemeasure- 



rmmts over a very large tange of relative starting 
target quantities. 

Sample preparation Validation 

Several parameters influence the efficiency of 

trations, reaction, conditions (i.e., time and teov 
pesatxixe.;, PCR target srae and composition, 

?! I M j i <> \ l»<i s * n>< < p ^ ^ s 

above factors are common to a single PCR assay, 
except sample to sample ptuity, in an effort to 
validate the methxsd of sample preparation for 
•m luct'f \\V >av dt ^ > , . j\ > -s e < <ak ^ 
tbility arid efficiency of 10 replicate sample 
preparations were examined, After genomic DNA 
was prepared from the H) replicate samples, the 
DNA was qusmttated by -ultraviolet spectroscopy. 
Amplifications were performed analysing B-actln 
gc reenter: ^ and v i - x o> ; \u xyj < x t 
DNA. Bach PCR amplification was -performed in 
triplicate. Comparison of C y values for each trip- 
Heate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Table l\ Therefore, each &f the -triplicate TCK 
ainpliticatiotxs was highly reproducible, demon- 
strating that real time PCR using this instrumen- 
tation introduces minimal variation into the 

xnean C T values of the 1 0 repheate sample prepa- 
rations- also showed nxinimal variability, indicat- 
ing that each sample pseparatixxx) yieided similar 
xesxilts foi (1-aeti.n gene quantity- The higfres: O v 
! !tk! k k. knei t ♦ u n s s 

and 0.71 for the 100 and 25 ng samples, respec- 
tively. Additionally, tire amplification of each 
sample exhibited- an equivalent rate of fluores- 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 

Any sample containing an-estcsss of a PCS inhibi- 
tor would exhibit a greater measured is-acdn G ; 
value for a given quantity of DMA, So addition, 
the Inhibitor would be diluted -along with the 
sample in the dilution analysts (Fig. 2), altering 
the expected C T value change. Each sample am- 
plification -yielded a similar result ir; the analysis, 
demonstrating tha t this method of sample prepa- 
ration is highly reproducible with regard to 
.sample purity. 

Quantitative Analysis of a Piasmiri ASfer 
Transient Transfectian 

" C vs.Us >\e A t t a >.jo t s tnt is v . ^ * s ^ 
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Kuint of vh<? piasmid (40, 
4.. 0.5, and ill u.g), Twenty-fo-ur hours post- 
transfectioo, total DNA was purified from each 
flask uf ceils, g -Act in gene quantity was chosen as 
a value for normalization- of genomic DNA con- 
centra tion. from each sample. In this experiment, 
S-aclin gens content should remain constant 
relative to total genomic DNA. Figure 3 shows the 
result of the 8-aetm. DNA measurement <1G0 rig 
total DNA. determined by uUt-aviolet spectros- 
copy: uf each sample. Each sample was, analyzed 
in triplicate and the tm&n S-actin G f values of 
the triplicates were plotted (error bars represent 
s v s .ndd!~ .to f h< I ij/vs v 1 L"uu 



between arty two- sample means was 0,95 C r . ten 
nanograms of total DNA of each sample were also 
examined for 8-ac;in. The results again showed 
rhat verv vrmias amount- of cervnn-- PNA tme 
present; the maximum mean fi-actin C r value 
difference- was 1.0, As Figure 3 shows, the rate of 
S-actin C- r change between the .100- and 10-ng 
samples was similar (slope values range between 
s St- and i -JM This s ( « £ !„>•> v>a^ t^; thf 
method of sample preparation yields samples oi 
td»nt5c*dT\ $(m-C£r-s s » oo <.is<:u <\ nt<»utu f 
an excessive amount of a KIR inhibitor). How- 
ever, these results indicate that each sample con- 
tained slight .differences in -the -actual amtmnt of 
genomic DNA analyzed. Determination oi actual 
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figure 2 Sample preparation purity. The replicate 
-> ! ^p?es shown in Tapis 1 were also- amplified in 
t vicefe using 25 ng of each DNA sample. The iiq- 
shows the input DNA concentration (100 arid 
ngfr vs. C f . m the figure, the 100 and 25 ng 
r\» ms sor each sample ase connected by a line. 



by mot :•«»?• she mean #-aclin C T value obtained 

DNA concentration of each sample, «, was oh- 

>s <. x > % h s. -i >u, s non~ 
n>'"i>v s^d* V ! *»" ot tor Wl ph.smK. 

baosfeciians. i-.acb reaction contained 100 us* of 
uP v >\ \ -sv d<vmj\ed bv l \ sou -n.^ 
copy). Each- sample was analysed in triplicate 




tog ing ififssjt DNA) 



Flgw* 1 Analysis oi tnamfecteti cell DNA quantity 
and purity. The DNA preparations of the four 295 
ceil transfecUons (40, 4... 0,5, and 0,1 aq of pPS'TM) 
were analyzed ior the gene, 100 and 10 ng 

t , O. - ,H t '>S . it" - 'O - s t M, \ 'Ov <- !K > O f •> (t. 

sample were amplified • in 'triplicate. For each 
amount of pfSTM that was transferred, she S-actin 
C r values are plotted versos the total input DNA 
concentration. 



PCR arnpiiticatio.os. As shown. pFSlW purifivd 
from the 293 cells decreases (mean C ; valuvs in- 
crease) with decreasing amounts of plasm id 
transfected. The mean C T values obtained for 
pFSTM in Figure 4A were plotted on a standard 
ciuve comprised of serially chluied pi ; 8TM. 
shown m Rgure 4B. The quantity of pFSTM, h, 
foxmd in each of the four ha-nsfectiam was de- 
termined by extrapolation to the A'-axis oi she 
standard curve in Kgure 48. These uncorrected 
values, b, for pfSTMwere normals^! to deter- 

ng of genomic DNA by using rhe equation: 

h x 100 ng actual pf8TM comes per 
a K: 500 ng of genomic 1)NA 

where a~~ actual genomic DNA in. a .sample and 
t> ~ pHT%4 copses from the standard -curve. The 
5 ^ * ! M N< n i > 

I oniu >\A to; f;<! t) o- sN < u< first.\"iT < 
howr >n Ik^k 4D bc-v t ,s U .k >.*-, v. that 'K 

quantity of factor VIII plasmkl -associated with 
tht 2'H <e ,! s hr )b-\ t ,n sn t\ ! d<.- av\ 
with decreasing piasmid concentration used in 
the traosiectior;, The •uusnp-y of pVXTM associ- 
ated with 293 ceils,, after rransfectkm with 40 p,g 
of piasmid, was 15 pg per 1 DO ng genomic ONA. 

II )n j^VvO'^ so - V p' t«<xud - opie 1 - f\' > 



DISCUSSION 

W« have -described a new method iox quantitat - 
ing £en« copy numhexs using real-time analysis 
of PGR amplifications. Real-time hCR is compat- 
ible with either of the two i ; CR iRT--PCH) ap- 

internai competitor fot each 'target sequence is 
ii.u' P x f nofiv. ,Mh''! ,jata \ x t «'rc'V >? 
i|oantPahve comparative ICR using a .normaliza- 
tion gene eontainesl withijj ti!C sample 'f».-e,. B-ac- 
tin) or a "housekeeping" gene for .K'T-PCR. if 

hefore qusntiratlve analysis is Idexttieaf ior each 
sample, the internal -control (n-onxsafization gerse 
ox competitor) sirouid give equal signals for ail 
samples. 

The real-time 1'CK method offers several -ad- 
vantages over the other two methods currently 
employed (-see the introduction;. Fitst. the real- 
time ICR .method is pedormed in a closed-tube 
system m x , - 11 'u'o 1 1. 
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Bg«r« 4 Quantitative anaiysis of pf'STM in transected cells-. Amount of 
plasrnki DNA used for the tramlection- plotted gainst the mean C T value deter- 
mined for pFSTM remaining 24 hr after transaction. <8,Q Standard curves of 
pFBTM and g-actin, Respectively. pf&TM DNA {0} and -genomic DNA (Q were 
diluted serially } ;5 before amplification with the appropriate primers. The jS-actin 
standard curve was used to «orma!i2«'i:he results or 4 to 1 GO ng of genomic DMA, 
(.0) The amount of pFSTM present per 1 00 og of genomic DNA." 



•of sample. Therefore..- the potential for PCJt -con- 
tamination m the laboratory Is seduced because 
amplified products can be analyzed and disposed 
ol without opening tire reaction tubes. Second, 
this method supports the' use of a normalisation 
>c ^ v.v. ( N i u m \ i\ -> lO< S( 

keeping genes for quantitative RT-PC8 controls. 
Analysis is performed in real time during the log 
phase of product accumulation. Analysts during 
lag phase penults many different genes (over a 
wtde input target range) to be analyzed simulta- 
neously, without concern of reaching reaction 

gene analysis assays much easier to develop, be- 
cause individual interna! competitors will not he 

sample throughput will increase dramatically 
with the new method because there is no post- 
PC R processing time. Additionally., working in a 
%-weli iormat Is highly compatible with auto- 
mation technology. 

The real-time PCR tnethoci is highly repro- 
ducible. Replicate amplifications can be analyzed. 



for each sample mrninrteing potential error. The 
system allows rot a very large assay dynamic 
range (approaching i, 080,-000- fold starting tar- 
get). Using a standard curve for the target: of in- 
terest, relative copy number values can -be deter* 
mined for any on known sample, Fluorescent 
threshold values.. C r , correlate linearly -with rela- 
tive DNA copy numbers. Real time quantitative 
HT--PCR methodology fGibson et at, this issue-) 
has also been developed. Finally., real time quan- 
titative PCR methodology can be- used to develop 
high-throughput screening assays for a varie;y of 
applications {quantitative gene expression (kl- 
PCRj, gene copy assays CMet2, HIV, etc.), geno- 
typing (knockout mouse analysis!, and immuno- 
FOR]; 

Real-time PCR may also be performed using 
intercalating dyes (Hlguehi et at 1-992.) such as 
ethidium brormde. The fluo.rogen.5c probe 
method offers a major advantage over inter- 
calating dyes — greater specificity tee., primer 
dimers and nonspecific FCR -products are not de- 
tected). 
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